GABA (γ-aminobutyric acid) is a four carbon non-protein amino acid that is widely distributed in plants, animals and microorganisms. As a metabolic product of plants and microorganisms produced by the decarboxylation of glutamic acid, GABA functions as an inhibitory neurotransmitter in the brain that directly affects the personality and the stress management. A wide range of traditional foods produced by microbial fermentation contain GABA, in which GABA is safe and eco-friendly, and also has the possibility of providing new health-benefited products enriched with GABA. Synthesis of GABA is catalyzed by glutamate decarboxylase, therefore, the optimal fermentation condition is mainly based on the biochemical properties of the enzyme. Major GABA producing microorganisms are lactic acid bacteria (LAB), which make food spoilage pathogens unable to grow and act as probiotics in the gastrointestinal tract. The major factors affecting the production of GABA by microbial fermentation are temperature, pH, fermentation time and different media additives, therefore, these factors are summarized to provide the most up-dated information for effective GABA synthesis. There has been a huge accumulation of knowledge on GABA application for human health accompanying with a demand on natural GABA supply. Only the GABA production by microorganisms can fulfill the demand with GABA-enriched health beneficial foods.
INTRODUCTION
GABA (γ -aminobutyric acid) is a non-protein amino acid that is widely distributed in nature among microorganisms, plants and animals (85) . Natural GABA was first found as a constituent of tuber tissue in potato (80) . In microorganisms, GABA is functionally involved in the spore germination of Neurospora crassa and Bacillus megaterium (19, 20, 41) .
GABA confers resistance to acidic pH in bacteria, including E.
coli, Lactococcus lactis, Listeria monocyrogenes,
Mycobacterium and Clostridium perfringens (7, 17, 67) .
Nowadays, GABA is used considerably in pharmaceuticals, and massively as a major active constitute in foods, such as gammalone, cheese, gabaron tea, and shochu (58, 69, 91) . GABA acts as the major inhibitory neurotransmitter in the mammalian central nervous system.
GABA improves the plasma concentration, growth hormones and the protein synthesis in the brain (12) , but inhibits small *Corresponding Author. Mailing address: School of Biotechnology, Yeungnam University, Gyeongsan, Gyeongbuk 712-749, Republic of Korea.; Fax: +82-53-810-4769.; E-mail: khbaek@ynu.ac.kr / vbiotech04@gmail.com GABA lowers the blood pressure in animals and human subjects.
The chronic GABA ingestion ranged from 0.3 to 300 mg/kg decreased systolic blood pressure in spontaneously hypertensive rats (39) . The administration of GABA significantly decreased the blood pressure of spontaneously hypertensive rats with a dosedependent manner (26). The oral administration of GABA of 10 mg daily for 12 weeks was effective for hypertensive patients (34) .
The daily oral administration of rice germ containing 26.4 mg GABA was effective in treating neurological disorders (59) .
Furthermore, Hagiwara et al. (22) reported that GABA acted as a strong secretagogue of insulin from the pancrease, therefore, effectively preventing diabetes (1) . GABA intake can regulate sensations of pain and anxiety, and lipid levels in serum (40, 55) .
Furthermore, consumption of GABA-enriched foods can inhibit cancer cell proliferation (61) and improve memory and the learning abilities (55) . Therefore, GABA has been classified as a bioactive component in foods and pharmaceuticals (14) .
There have been many attempts for synthesizing GABA chemically or biologically (13, 33, 63) because of the beneficial functions of GABA and the increasing commercial demand (85, 66) . Biosynthetic methods of GABA may be much more promising than chemical synthesis methods since they have a simple reaction procedure, high catalytic efficiency, mild reaction condition and environmental compatibility (30). The biosynthesis of GABA is one step reaction of decarboxylating glutamate to GABA, catalyzed by glutamate decarboxylase (GAD) (Fig. 1) Microorganisms are widely used in biological systems for the production of numerous valuable molecules (10, 27) . To improve the quality of diets and enriched-dishes by converting agricultural commodities into fermented foods, microorganisms have been used for commercial and domestic purpose over the centuries for producing fermented foods such as, wine, soy sauce, sufu, vinegar, distilled spirits, rice wine, fermented vegetable, meat products, paocai, pickles and kimchi etc. (23, 47) .
A wide range of products can be covered by traditional fermented foods. Table 1 shows the production of GABA synthesized by different species of microorganism isolated from various sources of fermented foods. In particular, we summarize the GABA-producing microorganisms and the optimal fermentation conditions for the GABA production. The information could be applied for isolating high GABA-producing microorganisms as well as for developing efficient processes for maximum production of GABA for pharmaceutical and food industries. 
GABA producing microorganisms and their isolation sources
A number of microorganisms of bacteria and fungi have been reported to produce GABA (52, 78, 40) . In addition to bacteria, GABA is also found in many molds, fungi and yeast.
In microorganisms, GABA was first isolated from acid-treated yeast extracts, and later it was demonstrated to be present in the free state, to the extent of 1 ± 2% by dry weight in untreated yeast (64) . GABA was again detected while investigating the amino acid composition of red yeast, Rhodotorula glutinis (44) .
An important GABA pool was observed in the early phase of 
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The most interesting and practical group of bacteria for GABA production is LAB, which produce high levels of GABA. 53-1, and 53-7 were screened and selected with the highest level of GABA production from the cheese starters (58). Ten GABA producing LAB strains were isolated from kimchi and yoghurt. Two of the strains (Y3 and Y4) were bacilli while the other eight were known as cocci (52) . The strains isolated from kimchi were identified as Lc. lactis subsp. lactis based on the 16S rDNA sequences, and the strains produced the highest amount of GABA (3.68 g/l) in de Man, Rogosa and Sharpe (MRS) broth (52) . A total of 61 GABA synthesizing isolates were identified in cheese under in vitro fermentation conditions at 30°C for 24 h at pH 4.7 (74) . By partial sequencing of the 16S rRNA genes, twelve species were detected, and the species were composed of many subspecies including Lb. plantarum Due to the potential for producing GABA-enriched foods, the GABA-producing microorganisms, especially LAB are getting a huge attention. The ability of LAB for producing GABA is varied among species and the strains (32, 43, 60, 91).
GABA-rich foods fermented with LAB include yogurt and cheese (58, 60, 61, 76) , kimchi (52, 61, 74) , sourdough (65) and paocai (47 (81, 88) . In addition, the seven cultivars of rice grains inoculated with M. purpureus produced and increased GABA Production of gaba ( -aminobutyric acid) by microorganisms every week whereas the rice grain without the fungus inoculation contained no GABA (36) . These results indicated that the glutamic acids in the fermented rice could be converted into GABA by M. purpureus. Ta-Hon-In Pu-erh tea fermented with Streptomyces bacillaris strain R9 and S. cinereus strain contained 4-and 8-folds of GABA than the non-inoculated leaves, respectively (37) . The optimum conditions vary among the fermenting microorganisms due to the different properties of the GADs, therefore, characterization of the biochemical properties of the GADs will be required in the interested microorganisms to achieve the highest GABA production. Optimal conditions for GABA-producing microorganisms are summarized below, especially on the effects of pH, temperature, cultivation time and media additives.
Factors affecting GABA synthesis

Effect of pH
The biosynthesis of GABA in microorganisms is mainly regulated by pH, which usually has the most pronounced effect for a fermentation process (43, 83, 90 High production of GABA by fermentation is not only dependent on activating the activities of GAD but also on inhibiting the activities of GABA-decomposing enzymes. One pathway for GABA decomposition exists in a large variety of plants and microorganisms. GABA transaminase catalyses the Production of gaba ( -aminobutyric acid) by microorganisms reversible conversion of GABA to succinic semi-aldehyde using either pyruvate or α-ketoglutarate as the amino acceptor, and succinic semi-aldehyde dehydrogenase catalyzes the reversible conversion of succinic semi-aldehyde to succinate (75, 42) . GABA transaminase isolated from Pseudomonas aeruginosa transaminased GABA most actively at pH 8.5 (87).
Other organisms, including pseudomonads as well as higher organisms also showed the highest activity of GABA transaminase approximately at pH 8.5 (4, 6, 56, 71) . Succinic semi-aldehyde dehydrogenase isolated from Saccharomyces had the optimum pH 8.4 for the highest enzymatic activity (35) . Therefore, the activities of the two enzymes should be obstructed from pH by adjusting the pH of the buffer to achieve maximum production of GABA (42, 75) .
Effect of temperature
The incubation temperature is also a major factor affecting maximum GABA yield by fermentation. In addition to an effect on biocatalyst activity and stability, temperature has an effect on the thermodynamic equilibrium of a reaction. The high efficient conversion of glutamate to GABA needs the high cell density and also the appropriate culture temperature (38) .
GABA production in Lb. brevis NCL912 had a positive correlation with the cell density, which was dependent on the culture temperature (49) . Lb. brevis NCL912 growth increased with higher temperature and peaked at 35°C, then decreased over the temperature (49 were found to be as 30°C and 37°C, respectively (85, 86) . Lb.
brevis GABA 100 fermenting black raspberry juice produced maximum GABA (27.6 mg/ml) at pH 3.5 and 30°C on 12 th day of fermentation (38) . Lb. buchneri in MRS broth medium also had the optimum temperature for GABA production as 30°C (12) . Immobilized whole cells of Lb. brevis at 40°C produced 92% of GABA after 8 h of fermentation (30). The maximum GABA yields by Lc. lactis at the optimum temperature of 33°C and 34°C were found to be 310 mg/ml and 439 mg/ml, respectively (50, 52) . S. salivarius subsp. thermophilus had the optimum temperature for GABA production as 34°C, at which, 12% of the total MSG was completely converted into GABA (79) . Lb. paracasei NFRI 7415 produced the highest GABA (302 mM) at 37°C, however drastically decreased the GABA production and cell growth at 43°C (43) . Generally, fermenting temperatures ranged from 25°C to 40°C result in a high GABA yield within the temperatures.
Effect of the fermentation time
The time factor plays an important role in the fermentation and the production of GABA as temperature and PLP is used as a coenzyme of GAD for enhancing GAD activity (43, 68) . By the addition of PLP, GABA production increased and reached to 7333 mg/l, 200 mM and 504 mg/kg during the fermentation with S. salivarius subsp. thermophilus Y2, Lb. paracasei NFRI 74150 and Lb. plantrum C48, respectively (15, 43, 90) . The addition of 0.1 mM PLP to the diluted grape must, however, did not enhance the synthesis of GABA (17) , which may be due to the presence of endogenous PLP in grape must (8) . The addition of PLP in the culture medium for the production of GABA by Lb. brevis NCL912 did not increased the amount of GABA, indicating that Lb.
brevis NCL912 could synthesize the PLP by itself necessarily (48) .
The addition of sulfate ions increased the GAD activity of
Lb. brevis IFO 12005 in a dose-dependent manner, suggesting that the increased GAD activity is due to an increased hydrophobic interaction between the subunits (86) . Total 5% of the MSG was converted into GABA within 48 h when 10 mM ammonium sulfate was added to the reaction medium of Lb.
brevis GABA 057 (79) . In glucose-yeast peptone medium, 7%
of MSG as glucose concentration with 10 mM ammonium sulfate was the best combination for GABA production (86).
The addition of over 0.6% glucose without ammonium sulfate, however, did not increase the GABA conversion rate (81) . Production of gaba ( -aminobutyric acid) by microorganisms
The cell viability and stability in the beads can be improved for the higher rate of GABA conversion by adjusting the concentrations of media additives, including skim milk, isomalto-oligosaccharide, erythritol, and pectin in an optimum concentration (79) . The beads with 0.6% isomaltooligosaccharide were the most effective combination for GABA production and also improved probiotic survival in fermented milk (79, 11) .
The addition of other substrates such as the wholemeal wheat sourdough and 50% of tomo koji enhanced the GABA production using Lb. plantarum C48 and M. pilosus IFO 4520, respectively (65, 40) . GABA could be produced by LAB using Especially, the production of GABA by LAB has been extensively explored during the manufacture of black raspberry juice, kimchi, soymilk, cheese and other dairy products (58, 38, 75, 83, 26, 33, 77) . For the manufacture of functional foods and beverages, LAB also have the advantage of the production of GABA using cheap ingredients, such as by-products in food industry (48) . The GABA producing LAB act as probiotics but are only effective if they remain viable as they pass through stomach and intestine (14, 57) . Three Lactobacillus strains, Lb.
paracasei PF6, Lb. delbrueckii subsp. bulgaricus PR1, and Lb.
plantarum C48 isolated from cheese were subjected to pepsin and pancreatin digestion, but they survived and synthesized GABA, suggesting that these bacteria survive and synthesize GABA under simulated gastrointestinal conditions (76) . In fact, GABA-producing LAB as probiotics could inhabit in the gastrointestinal tract and produce GABA in situ (48) . There have been long and safe histories of the production of fermented foods and beverages by LAB, which can accumulate high amounts of GABA (46) . These GABA producing LAB accumulate high amount of GABA and also protect foods by controlling the food spoilage pathogens by secreting bacteriocins (18) .
CONCLUSION AND FUTURE PROSPECTS
Processes for high GABA production by microorganisms are summarized here to develop functional foods and to provide natural GABA. Supply of natural GABA and the enriched food is a big challenge for the growing global demand. Therefore, the production of GABA enriched foods by fermentation using beneficial microorganisms is an indispensable process. For food and medicinal industries, further studies will be required to screen various types of GABA-producing microorganisms from as many as possible fermented foods. There is a positive relation between the optimal fermentation condition and GABA synthesis by microorganisms. Since the production of GABA is totally dependent on the biochemical properties of GAD, clarification Production of gaba ( -aminobutyric acid) by microorganisms of biochemical properties of the GAD for the fermenting microorganism facilitates the optimization of fermentation processes. Many factors including pH, temperature, culture time and media additives can be optimized to achieve the maximum GABA production in various microorganisms.
These all processes will be directed to higher flexibility of the microbe cultures for a wider application of GABA. Production of gaba ( -aminobutyric acid) by microorganisms 
